i o

The polarization of the laser light can be either up and down (s polarization) or right to left (p
ploarization). It is not clear whether the temperature gradient is principally axial or principally
radial. If dT,/dz > dT,/dr, one can draw some interesting conclusions. The regions above
and below the center of the laser spot have E L Blk, leading to maximum absorption there, if

the light has s polarization. (For p polarization, maximum absorption is to the right and left of

the laser spot.)

Now consider what happens if the target is tilted. The geometry no longer has cylindrical
symmetry and the magnetic field lines will be distorted into ellipses, as shown in Fig. 2b. No-
tice now that ELBL K, on the long side of the ellipse for s polarization, while ElBlk on the
short side of the ellipse for p polarization. Thus absorption by self generated ion acoustic turbu-
lence favors s polarization over p polarization if the target is tilted. This may be one possible
explanation for the fact that even in experiments which show resonant absorption,27 the ab-

sorption of p polarized light is only about 50% higher than the corresponding absorption for s

polarized light.

V ABSORPTION IN A MAGNETIZED PLASMA

QUANTITATIVE CALCULATIONS

In this section we describe in more detail the calculations of absorption efficiency in a
magnetized plasma. The steady state fluid is described by the four equations for number densi-

ty, total momentum, electron energy and ion energy. They are

nV = constant

(13a)
2 2 2
n dv d wp d|E tE
2 MVES « - Ly (T, + T/2) - —[
z dx dx : 202 dx 87 (13b)
3 . ol av d wpe || EZ + E}
= nv B.LiL A=l [
3 nV— +nT, ax i Q, +Cr, g a? . o




3 n
2 Z ' dx (13d)

Above, n is the electron number density, E? (E?) is the electric field squared of the in-
cident (reflected) laser light, Cy, is the ion acoustic wave induced energy exchanged between
’

electrons and ions, v, is the ion acoustic wave induced collisional damping and Q, is the elec-

tron thermal flux. These three quantities will be specified shortly.

The equations for the spatial evaluation of the ion acoustic waves are

2 2y ) .

14

e
dx

ed (k)
T,

e (k)
T,

e

(14)

where ¢ is the electrostatic potential at wave number k, V is the group velocity, which in this

case is the fluid velocity, and ¢ (k) is the growth rate > of a mode at wave number k

1/2
Gy =2 3 dee T —lklI o i AR
® sM | |2 "eB “dx ll+k2)"2’ M
) SN ) s 7. R SRR G
f m T} o larnehdy 3
! i D (15)

where Bis the magnetic field. Equation (15) above is the growth rate given in Ref. 3, but with
ion Landau damping added on and also with account taken of the fact that Z = 1. The mode
phase velocity is assumed to be in the y direction and the gradients are assumed to be in the x
direction. The configuration we adopt has the laser at x = —co and the critical surface just to
the right of x =0. Since energy flux is to the right, the plasma temperature gradient is nega-
tive. Therefore, as is apparent from Eq. (15), unstable waves propagate in the negative y direc-

tion.

Coupled to the equations for fluid quantities and ion acoustic waves are the equations for

the incident and reflected laser light. If @ is the target tilt angle, these equations are

17




2 2
> w, (x) w
‘7&'”5’ i i 1 St o
(16a)
2 (x) 2
c——|cos? @ - P E! =, 2!-'—52.
2 r an nz r
Q (16b)

The remaining quantities to specify are O, Cr, and v,,. The quantity Q is given in Ref. 3 and
is

2 k2 Vg art,

Q__ls_[_«_]”’ oW | k2 Ve dT.
412) 9 T | IH o2 " a’ an

where w,, is the electron cyclotron frequency. The quantity Cy, is given in Ref. 2 for an un-

magnetized plasma. Using Ref. 3, C7, can easily be generalized to the case of a magnetized
plasma. The result is

3nV,mck dT, 2

7
k
C -l—:—] };‘_]kcsllnmc,y‘,- S s ()|

ok (18)

drT,
Notice that the second term in the parentheses above cools electrons since k,—dx—e? < 0. The

explanation for this effect is given in Ref. 2. The one remaining thing to specify is v,,. This
is calculated as in Refs. 1 and 2, using the theory of Dawson and Oberman.*’ However now

the absorption is enhanced because in the configuration we examine, k | E. The result is

3
(l)p
-1 |k
2n]|“D 2

212 & 16
+6l—d£'] kz)\‘z)

where A, is the electron Debye length. The fluid system is now completely specified.

2
@ pe

% e ep (k)
Van 0 ; [l [wp
Q

T,
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Equations (13)-(19) are integrated numerically back towards x = —oo, subject to the

ed (k) | 2

- 103
T, 1077 at x =0,

boundary conditions described in the previous section. Also 2
k

Typical solutions are shown in Figs. 3 a and b for a Nd laser produced plasma. In both cases

18
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T/T, =20,B = 10® Gauss, n(x=0) =1/2n, 6 =0, and the laser irradiance is
2 x 10 W/em?. In Fig. 3a no resonant absorption is assumed to the right of x =0 and the total
fractional absorption is 16%. In Fig. 3b, 20% resonant absorption is assumed, and the fractional
absorption is 33%. In each case, 10 values of k were used. Notice that in each case the ab-
sorption takes place in a length of less than 10 microns. Also the turbulent field strength,

‘.eg
X

2
< 10 2, is less than that calculated in Ref. 1.

In Fig. 4 is shown a plot of flux limit /' = (0]6 —0)/an3- T, (x =0) and fractional ab-
sorption as a function of laser irradiance between about 4 X 104 W/cm? and
15 x 106 W/em?.  Again n(x=0) = 1/2 n, ,T,/T, = 20,6 =0,B=(1 MG)
x (T,(x=0)/12 keV) /2. This functional form for B specifies a constant plasma B as the
temperature is increased. Twenty percent resonant absorption at the critical surface is assumed
here. Actually the flux limit fshould be somewhat higher than shown here, because the elec-
tron thermal flux arising from the 20% assumed resonant absorption was not included in
Q(x =0). Figure 4 indicates the same general result found in Ref. 1, the fractional absorption
and flux limits are weakly varying functions of laser irradiance, while the electron temperature

at x =0 is a strongly varying function of it.

In another series of runs, we tested the dependence of fractional absorption on magnetic
field strength. For n(x =0) =1/2 n,, 6 =0,T,/T; =20, and assumed resonant absorption of
20% and a laser irradiance of 2 X 10'5 W/cem?, the magnetic field was varied from 700 KG to
2.2 MG. As is shown in Fig. 5, the relative absorption is about 40% nearly independent of field
strength. However the required length for absorption increases as the field strength decreases.
Thus if length scale is an important feature in limiting the absorption, higher magnetic fields

give rise to higher absorption.

In another series of calculations, the density at x =0 was varied assuming, =0,

I =2 x 10'S Wem?, T,/T, =20, B =1 MG, and 20% resonant absorption at x =0. The
19

e i e 4 o O



e < o

TR T

T AV T T T TN e

result is shown in Fig. 6. The results are quite similar to earlier calculations in a field free plas-
ma. At n(x =0)=0.25 n,,, there is virtually no absorption (recall 20% resonant absorption was
assumed). The fractional absorption however is a steeply rising function of density at x =0.

Notice that the fractional absorption rises to almost 80% for n(x =0) =0.7n,,.

In a final series of calculations we examined the functional dependence of fractional ab-
sorption on temperature ratio for n(x =0) =0.5n,,, I =2.10'5 W/cm?, B = 1MG and also as-
suming 20% resonant absorption. The results are shown in Fig. 7. As is apparent, one finds
absorption at temperature ratios as low as 5. One very interesting and surprising result is the
maximum for low temperature ratios. We find a qualitatively different behavior at low tem-
perature ratio from that at high temperature ratio. At high temperature ratio, the turbulent
spectrum is dominated by a single k at all x. For low temperature ratios however different ks
dominate the spectrum at different positions. This gives rise to a choppy behavior of n(x) and

(-]

(4

(x) as shown in Fig. 8.

VI SCALING WITH LASER WAVELENGTH

All of the calculations in the previous section were done assuming the laser wavelength
was 1.06u. However it is a simple matter to show that these equations have a simple scaling so
that a solution for one laser wavelength can be scaled into a solution for any laser wavelength.
Let us assume that the laser wavelength increases by a factor of «, then the equations in the

previous section are all invariant under the following scale transformation
X~ ax
n— nja?
T—T
V—V

EY ~ EYal
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(20)

Q— Q/a

B— B/a

Some of the results of this scaling transformation are
0— Qla?
Van — Vanle

Cre = Crpla’
1)

¥ = yia
By examining the equations for the unmagnetized plasma in Ref. 1, it is not difficult to
see that these equations are invariant under the same scale transformation. Thus Figs. 3-8 can

easily be interpreted for a CO, laser produced plasma as well as for a Nd laser produced plas-

ma.
VII THE DYNAMICS OF THE INTERACTION

The calculations we have performed in this paper and in our previous work ! are all
steady state, that is all 3/97’s are set equal to zero in all fluid equations. As we have discussed
previously, one drawback with this approach is that several quantities have to be specified arbi-
trarily. One possible way to specify these quantities in a physical way is to solve for the
dynamics of the interaction 3% rather than the steady state. The way to include anomalous tran-
sport and absorption into a dynamic one or two dimensional fluid simulation is given in Ref. 2
for an unmagnetized plasma, and in Ref. 3 for a magnetized plasma. By solving the dynamic
problem, one could then solve for such quantities as Q(x = —o0 ), n(x =0)/n,,, etc. in terms of

boundary conditions imposed far from the critical surface, that is in the solid target and in the

vacuum.
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ABSORPTION BY ION RESONANT
TURBULENCE ABSORPTION

ne®Ner
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Fig. 1 — Schematic diagram indicating where different absorp-
tion mechanisms occur. Unit on the horizontal axis is free space

wavelength of laser light.
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Fig. 2 — Magnetic field lines and various polarizations for the
case of a) target normal to the incident laser light, b) tilted

target.
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Fig. 56 — Dependence of fractional absorption A and
absorption length 1,,, on magnetic field amplitude.
(20% resonant absorption is assumed at the critical
surface).
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Fig. 8 — Typical solution for lower temperature ratio.
Choppy behavior of n,(x) and lep/T1%(x) corresponds to
shifting dominant unstable mode.
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